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The ‘plane vs. plane’ contact involving ﬂat punches has been the subject of many investigations, even in recent years,
mainly due to the crucial role that such components play in phenomena, such as fretting fatigue and indentation tests.
While the problem has been deeply approached from a theoretical point of view, there is a noteworthy lack of experimental
veriﬁcations due to the limited number of laboratory techniques capable of supplying detailed information about contact
parameters. In order to make a partial contribution towards gaining an understanding of such problems, this study pro-
poses the investigation of ﬂat rounded punch contact with an ultrasound-based technique, which exploits the properties of
ultrasonic waves to be diﬀerently reﬂected by a contact interface depending on its stress state. A suitable setup was built in
such a way as to ensure a good level of control of contact conditions, and the interface was scanned with a high-frequency
ultrasonic transducer so as to acquire the reﬂection data. While the graphic processing of the ultrasonic coeﬃcient of reﬂec-
tion may easily be displayed as a ‘contact map’, the quantitative accuracy of the method was also investigated by compar-
ing experimental results with those obtained from a Finite Element model of the system. The results show a good level of
agreement between the two approaches, thus conﬁrming that the ultrasonic technique can be eﬀectively employed to inves-
tigate many contact problems which to date have never (or scarcely) been experimentally validated.
 2006 Elsevier Ltd. All rights reserved.
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Contact problems play a crucial role in many engineering phenomena, and their importance is demon-
strated by the huge number of theoretical studies that have been produced to date, in more than a century
since Hertz’s theory was formulated. However, the necessary process of validation of such theories has been
greatly delayed due to the inaccessibility of the interface (closed towards the outside world) which has pre-
vented most laboratory analyses.
Nevertheless, in the last 40 years scientists have been devoting a major eﬀort to devising simple and reliable
test methods capable of supplying information on contact parameters; while so far many experimental ﬁndings0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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same time it is true that robust experimental methodologies are still needed in order to provide answers to
all those practical situations that cannot be tackled even by means of the most advanced theoretical studies.
Among them, one of the most promising methods that would allow eﬀective investigation of contact interfaces
is based on the use of ultrasonic waves.
1.1. Ultrasonic analysis of contact: basic principles
Originally conceived in 1958 by Krachter, and later developed by Masuko and Ito (1969) and Kendall and
Tabor (1971), over the years the ultrasonic method has proved to be a useful, simple and non-invasive tool for
obtaining information about the state of contact, both in metallic and non-metallic interfaces.
The principle of the method is to send high-frequency ultrasonic waves over the contact interface and eval-
uate its response in terms of the coeﬃcient of reﬂection; since only the locations where microasperities touch
each other (i.e. the real contact area) allow the waves to pass through, a variation in the external load, which
tends to reduce the number and size of air gaps, decreases the overall interface reﬂection. The quantitative and
qualitative analysis of such a variation can be related to a number of contact parameters, such as size and
shape of the nominal contact area, contact pressure, contact stiﬀness and real contact area; for the purposes
of the present study, attention will be focused on the ﬁrst two features.
While it is relatively easy to determine the size and shape of a contact patch, since it is suﬃcient to discrim-
inate the point at which a complete ultrasonic reﬂection occurs (i.e. no contact is present) from the points at
which the same parameter assumes a value lower than unity, the estimation of contact pressure is a bit more
complicated; in fact, the reﬂection from the interface is aﬀected not only by the contact state, but also by the
frequency of the incident wave and surface roughness. Thus, the transformation of the raw ultrasonic data
into contact pressure distribution requires a preventive calibration process, in which an empirical ‘reﬂection
vs. pressure’ relationship is established on the basis of experiments carried out on known contact situations
(e.g. Hertzian or FE solved). The results can then be transferred to an unknown contact geometry (regardless
of the kind of pressure distribution existing), being careful to keep all the above variables unchanged.
Attempts to extract contact pressure data from ultrasonic analyses were ﬁrst reported by Ito et al. (1979),
who estimated the qualitative trend of interface pressure distribution in steel, brass and aluminum bolt-ﬂange
assemblies. Wooldridge (1979) employed both longitudinal and transversal waves to analyze the stress state of
a large fatigue crack under compression, with a view to using ultrasounds for the timely prediction of damage
in metals. Minakuchi et al. (1985) attempted to formulate quantitative relationships between ultrasonic reﬂec-
tion from the contact interface and contact pressure by means of a calibration process.
More recently, the authors and co-workers analyzed contact pressure distribution in wheel–rail systems
(Pau et al., 2002) as well as simple sphere–plane contacts (Aymerich et al., 2003), while Dwyer-Joyce and
Drinkwater (2003) investigated contact stresses in machine elements and joints. These experiences have con-
ﬁrmed the reliability and usefulness of the ultrasonic method as a simple, rapid and reliable technique for
determining contact pressure variations in both metallic and non-metallic interfaces.
On the ground of the aforementioned considerations, this study intends to address the problem of contact
involving a steel ﬂat-end circular indenter with rounded corners pressed against a steel plate, thus proposing
an experimental validation of the analytical and numerical solutions formulated to date. The ﬁnal purpose of
the work is, ﬁrst of all, to apply the ultrasonic technique to obtain graphical maps capable of illustrating the
contact conditions quickly and, after a suitable post-processing procedure, to compare the experimental
results with those obtained by theoretical and/or numerical analysis.
2. Materials and methods
2.1. The punch–plate contact
One practical problem which is often encountered when a ‘plane vs. plane’ contact case is to be investigated
experimentally is the diﬃculty of ensuring a correct parallelism between the two surfaces while the load is
applied. It is quite common to observe that even very small irregularities in the coupling, due either to
Fig. 1. Experimental arrangement for the punch–plate contact (left); typical punch used for the tests (right).
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inﬂuence the analysis and signiﬁcantly change the contact situation.
On the other hand, as pointed out by Drinkwater et al. (1994), even the ultrasonic analysis of contact is very
sensitive to misalignments, a very small air gap between the contacting parts being suﬃcient to modify the
reﬂection from the interface, thus leading to an erroneous interpretation of the contact state.
The aforementioned considerations pointed to the need to design and build a test rig (Fig. 1) capable of
ensuring the best alignment possible between the contacting parts even at relatively high loads.
In our system, the contact is carried out by indenting a steel plate (70 mm diameter, 15 mm thickness) with
a steel cylinder (20 mm diameter, 30 mm height) having the contacting surface composed of a central ﬂat cir-
cular area (5 or 6 mm diameter) radiused with a toroidal surface (5 or 12 mm radius). The punch is guided
towards the initial contact position by means of a small threaded cylinder, where a central hole has been
drilled so as to obtain a guided passage. The strict tolerance imposed on the hole-punch coupling (H6J7)
ensures repetitive and accurate positioning of the indenter. Both plate and punch are made of AISI 3140 steel
(ultimate strength 689.5 MPa, yield strength 422.6 MPa).
A steel ring located on the upper part of the system and threaded with the external cylindrical frame (which
also hosts the load cell and the hydraulic jack required to apply the desired load) locks the plate in the proper
position and also forms a small cavity which was ﬁlled with water so as to allow the ultrasonic wave to be
transmitted from the transducer to the contact region. In the experiments performed during the present study,
the maximum load applied was 44 kN, which corresponds to a nominal pressure in the center of the contact
area of approximately 600 MPa.
2.2. The FE model
As previously mentioned, closed form solutions have recently been proposed for the elastic contact of a ﬂat
punch with radiused corners (Ciavarella et al., 1998; Ciavarella, 1999; Jager, 2002). Nevertheless, in the case at
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rough analysis of the magnitude of the stress ﬁeld present at the contact interface suggested that some plastic
eﬀect would most likely occur and because, in the experimental system, the plate has a ﬁnite thickness and is
not uniformly constrained.
Thus, the accuracy of the experimental results was veriﬁed with an aid of a FE axisymmetric model, which
was implemented by means of the commercial code Ansys 7.1.; the ﬁnal mesh contains 42000 elements with a
minimum size (in the region of interest) of approximately 0.01 mm, while the contact was simulated using
‘line-to-line’ (CONTA171, TARGE169) elements.
The numerical analysis showed that while the value of the contact pressure, obtained by the FE model, at
the center of the punch is quite similar to the theoretical one (the model leads to an overestimation of about
15%), the peak at the edge is signiﬁcantly lower (about 60% of the theoretical value).
At the end of the analysis, contact pressure proﬁles were extracted from the results and used for the sub-
sequent calibration and convolution processes.2.3. The ultrasonic setup
One of the strong points of the ultrasonic method is that no special equipment is required to perform a
contact analysis; indeed, it is possible to employ a common ultrasonic pulser/receiver coupled to an appropri-
ate transducer. For the experiments described herein, a longitudinally focused immersion probe (15 MHz,
0.5 in. diameter, 4 in. focal length) was used as it yields very good results in terms of spatial resolution of
the contact maps.
The probe, which is immersed in water at a suitable distance to focus the ultrasonic beam just on the con-
tact area, is moved by a three-dimensional scan system and is connected to a Panametrics 5800PR pulser/recei-
ver; the ultrasonic signal received from the contact interface is constantly monitored on a Tektronix
TDS3012B digital oscilloscope. As the transducer is scanned over the potential contact region, the values
of the ultrasonic reﬂection are acquired on a PC (via Ethernet connection) and stored in text matrices for fur-
ther post-processing procedures.
For each load step, ultrasonic scans were performed on 10 mm squared regions, with a 0.1 mm step, thus
obtaining matrices composed of 10,000 terms, in which the generic aij represents the amplitude of the ultra-
sonic reﬂection from the interface at a given point (i, j).
The subsequent ‘false-colors’ graphical post-processing of the matrices allows preliminary evaluation of the
contact conditions; in fact, the regions in which the coeﬃcient of reﬂection is lower are related to better con-
tact conditions (and thus higher contact pressure), while outside the contact area, the reﬂection assumes a unit
value (which corresponds to null contact pressure).
In order to compensate for unavoidable dissymmetries in the results, an average reﬂection proﬁle was
extracted by dividing the whole contact area into 144 circular sectors of 2.5 each and computing the mean
value of the proﬁles thus located. The resulting curve, which is now representative of the entire experiment,
was then compared with the numerical solution obtained by convolving the pressure proﬁle, as supplied by
the FE analysis, with the impulse response function of the transducer, which was estimated according to
the ASTM E1065 procedure. The conversion of FE pressure values into ultrasonic reﬂection was carried
out by applying a calibration procedure, in which a known value of contact pressure (as calculated by the
FE model) was related to a reﬂection value measured during the experiments, for a certain applied load, in
the center of the contact area.
To this end, it is to be noted that although the theoretical analysis predicts that pressure is not constant over
the entire contact surface, the central region exhibits a quite ‘ﬂat’ pressure trend for a distance that is surely
much larger than the beam spot size.3. Results
As previously mentioned, the graphical processing of ultrasonic reﬂection data allows the drawing of
‘maps’ from which it is possible to immediately obtain qualitative information about the contact state in
Fig. 2. Graphical output of the ultrasonic tests.
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for a 12 kN load.
As is visible from the results, the experiments revealed the expected circular contact area with a quite reg-
ular distribution of contact pressure inside it. The center of the contact area is characterized by the presence of
the lowest pressure values (identiﬁable by the brightest color tones), while the darkest blue ring located in
proximity of the edges of the circle, which is characterized by the lowest ultrasonic reﬂection values, denotes
the presence of the pressure peak due to edge eﬀects, as predicted by theory. The external ‘no-contact’ region,
in which the reﬂection is complete, is well discriminated from the rest of the map, although the ﬁnite size of the
spot (0.8 mm at 6 dB) produces a certain blurring eﬀect (i.e. the yellow–green rings).
In order to assess the capabilities of the ultrasonic technique to faithfully reproduce the actual contact con-
ditions even from a quantitative point of view, two comparison tests were carried out. Firstly, the mean reﬂec-
tion proﬁle was compared to the calibrated-convolved FE pressure trend (Fig. 3a); in this case, the diagram
shows quite good agreement between the two curves, even though the experimental data revealed the presence
of a more marked peak at the edges of the contact area than was predicted by the FE model, thus suggestingFig. 3. Comparison of experimental results with the numerical analysis: (a) ultrasonic reﬂection vs. convolved calibrated FE pressure
proﬁle (12 kN load) and (b) ultrasonic data (converted into pressure values) vs. convolved and not convolved FE pressure proﬁles.
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nation of this diﬀerence can be formulated considering that the deformation of the punch–plate system at the
edges of the contact area might render the incident ultrasonic wave not exactly orthogonal to the contact
region (optimal condition which makes the reﬂection the best possible); thus, as the curvature increases, a
greater part of the reﬂected wave is not collected by the transducer, and this might lead to slight underestima-
tion of the actual reﬂection due to the contact state.
The ultrasonic reﬂection was then converted into pressure values (using the calibration procedure as pre-
viously described), and the curve thus obtained was compared with both the pressure proﬁle, as extracted from
the FE analysis, and the same proﬁle convolved with the impulse response function of the transducer, so as to
simulate the eﬀect of the experimental procedure (Fig. 3b). In this case, it is noticeable that the experimental
trend is very similar to the FE convolved one; nevertheless, comparison with the original numerical data shows
a good agreement only at the center of the contact area, while the technique exhibits some problems in fol-
lowing the sharp pressure variation which takes place at the edge, and this results in a 30% underestimation
of the actual pressure value.
On the other hand, it must be remarked that the tested geometry is quite ‘extreme’, and it is reasonable to
believe that less severe edge conditions (e.g. all those obtained with large radiuses) would probably be aﬀected
by a lower level of error.
4. Conclusions
This study reports the results of an experimental investigation of the contact between a ﬂat steel punch with
radiused corners and a steel plate, for the ﬁnal purpose of obtaining both graphic qualitative information
about the state of contact and quantitative information as regards contact pressure values.
The punch–plate interface was scanned with high-frequency ultrasonic longitudinal waves and the reﬂected
part of the incident beam, which is known to be related with the contact state, was ﬁrst graphically arranged to
obtain ‘contact maps’, which show at a glance the distribution of contact pressure inside the contact area.
From this viewpoint the ultrasonic technique is able to supply, almost in real time, information that is use-
ful in quickly verifying the pressure distribution trend; while in the case analyzed herein, such a distribution
was found to be very similar to that predicted by the theory, the method may even be much more useful when
unknown anomalies in the geometry of the contacting elements produce signiﬁcant deviations from the
expected behavior.
As regards the capabilities of this technique to oﬀer a detailed estimation of contact pressure values, it must
be recalled that, as at this time a general relationship between ultrasonic reﬂection and contact pressure does
not exist, it is necessary to establish a proper calibration process on the basis of a known contact pressure dis-
tribution, which must be tested while maintaining unchanged parameters, such as frequency of the incident
wave, type of material and surface roughness, which greatly aﬀect the results obtained.
In the case investigated in the present study, calibration was established by employing contact pressure val-
ues obtained by a FE model of the experimental setup. By convolving FE pressure values (transformed into
ultrasonic reﬂection by means of the calibration curve) with the impulse response of the transducer (experi-
mentally acquired using a standard ASTM procedure) it was possible to obtain homogeneous experimental
and numerical data for comparison, and the results of such a comparison revealed substantial agreement
between the two approaches.
The quantitative reliability of the technique was further assessed by converting the ultrasonic reﬂection into
contact pressure values and directly comparing them with the results of the numerical analysis either with or
without the introduction of the blurring eﬀect due to the ﬁnite size of the ultrasonic beam. In this case, a good
agreement was found for the central region of the contact area, while the method underestimated the peak
pressure at the edges by approximately 30%.
In conclusion, the ultrasonic method appears to have great potential as an eﬀective tool in investigating
contact problems, and its application is desirable to obtain more information both in cases still scarcely ana-
lyzed and in situations where unavoidable geometry alterations lead to unexpected contact behaviors, which
may represent a possible source of premature failures.
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